• We developed a unique set of landscape projections for the Great Plains that use real landmanagement parcels to represent landscape patterns at high spatial and thematic resolution.
reat Plains landscapes are constantly in flux, due to land use activities (e.g., cultivation of crops, grazing and rangeland management, and urban development) and changes in environmental conditions (e.g., climate and weather variability, changes in water availability). The grassland ecosystems in the Great Plains have experienced the greatest reduction in size of any North American ecosystem, 1 while irrigated cropland expansion in the region has resulted in the largest human-induced hydrologic change on the continent. 2 Landscape change impacts a variety of ecological and economic processes and directly impacts the capability of those lands to provide ecosystem services on which society depends. Land managers and decision-makers can use scenarios of future landscapes to help visualize future conditions, inform landscape planning, and optimize land use and management practices to match anticipated conditions. Multiple projections of future landscape conditions are available for the Great Plains. [3] [4] [5] However, while valuable for select uses, there are no available landscape projections that provide:
• Broad geographic coverage (enabling regional-scale analyses) • High thematic resolution (large set of diverse landscape classes) • High spatial resolution (representation of fine landscape detail) • Dynamic landscape response to changes in water availability and climate
There is also a basic disconnect in current models with the processes that govern land-use change in the Great Plains. Land ownership and management units (e.g., individual farm fields or rangeland parcels) are the spatial units on which landuse decisions are made, yet the landscape projections primarily model change by discrete, square grid cells (pixels). As a result, modeled landscape patterns are often poorly represented. In addition, in a region where rangeland extent and connectivity ebb and flow in response to changing demand for crop commodities and urban development, future scenarios that represent a range of anthropogenic land-use decisions are also needed. Given the variable impact of different crop and land management practices on a variety of ecosystem services (e.g., water quality, biodiversity, and carbon cycling), future scenarios also need a representation of crop type. Finally, future scenarios need to represent the impacts of projected changes in climate, both on anthropogenic land uses such as cropland, and on potential vegetation response on rangelands.
The US Geological Survey (USGS) has recently completed a suite of comprehensive landscape projections for a large portion of the Great Plains using a new modeling framework that meets the needs outlined above, and models agricultural change using real land ownership and management units. This paper describes the landscape projections, their availability, and ongoing and potential rangeland applications in the Great Plains.
Study Area
Landscape projections were produced for four ecoregions 6 covering a broad swath of the Great Plains, from the Nebraska Sandhills in the north, southward through northern Texas (Fig. 1) . A strong east-west precipitation gradient exists in the region (~750 mm annually in the east to less than 280 mm in the far west), as does a south-north temperature gradient (~19°C mean daily average temperature in the Texas panhandle to~8°C in northwestern Nebraska). The precipitation gradient strongly influences agricultural land use. Dryland corn, cotton, and soybean cultivation is possible in eastern parts of the region, but those crops require irrigation from (currently declining) aquifer resources in central and western areas. Dryland wheat is found throughout much of the region, particularly in areas where soils are amenable for Figure 1 . The study area covers over 780,000 km 2 and parts of eight US states. The region is defined by four ecoregions 6 : 1) Western High Plains, 2) Southwestern Tablelands, 3) Central Great Plains, and 4) Nebraska Sandhills. Over 2.5 million individual agricultural parcels (fields) are contained within the region. The map legend depicts the 29 land-use and land-cover classes that were modeled, with the 17 individual crop classes based on 2014 CDL, 8 and all other classes represented by 2011 NLCD.
crops but water availability (either from precipitation or irrigation) is insufficient for thirstier crops. Much of the ecoregion is open grassland and shrubland that are used as rangeland, particularly in the Southwestern Tablelands and Nebraska Sandhills ecoregions where cropland only covers a small part of the landscape. Denver and surrounding cities in eastern Colorado, Oklahoma City, Oklahoma, and Wichita, Kansas represent the largest urbanized areas in the region, but overall population and urbanized area is relatively low.
Using the Past to Inform the Future-The New FORE-SCE(P) Model
The USGS produces consistent, national-scale land-cover databases for the United States, including the National Land Cover Database (NLCD). 7 Given the widespread use of those data, modeled landscapes for the future would ideally maintain the same spatial and thematic characteristics, facilitating the integration of the future projections into existing workflows of land managers and other stakeholders in the Great Plains. An older version of the forecasting scenarios of land-use (FORE-SCE) model was previously used to model landscape change for the conterminous United States. 3 However, modeling capabilities at the time limited our ability to match NLCD characteristics. With the current application in the Great Plains, for the first time we are producing future landscape projections that are fully comparable with NLCD. Table 1 provides a comparison of the older FORE-SCE projections (dubbed "FORE-SCE 2014") and these new projections ("FORE-SCE(P)," for parcel version). Thematic resolution (modeled land-cover classes) matches and even exceeds NLCD. We are modeling the 17 most common crop classes in the Great Plains as provided by the US Department of Agriculture's Cropland Data Layer (CDL), 8 rather than the one "cultivated cropland" class in NLCD. One additional class, "perennial grass," represents the potential development of a cellulosic-based ethanol industry using cultivated grasses such as switchgrass (Panicum virgatum), a class necessary to represent landscape outcomes for select biofuel scenarios. The final classification scheme is represented in the legend of Figure 1 .
FORE-SCE(P) projections rely heavily on historical landscape information to establish baseline conditions, and to inform and parameterize projection modeling into the future. The 2011 NLCD 7 represents initial landscape conditions for most modeled land-cover classes, with data from the 2014 CDL 8 used to populate starting crop type. Historical land-cover information from the USGS Land Cover Trends project 9 and the NLCD 7 are used to characterize historical rates of land-cover change, probabilities of change quantified for each modeled land-cover class, spatial patterns of change, and typical patch sizes of change by class. Mapped changes in crop type between the 2008 (earliest date of CDL availability for the entire study area) and 2014 versions of the CDL provide similar model parameterization information for the 17 crop classes. This information populates key parameters in the FORE-SCE(P) model, ensuring that our projections provide realistic regional trends and spatial patterns consistent with historical landscapes. These projections are the first available for the region that use real land ownership and land management boundaries as a spatial framework for modeling landscape change. Common Land Unit (CLU) field boundaries from the US Department of Agriculture (USDA) were used to represent agricultural field units. 10 CLU is a digital records database for USDA's administration of agricultural, conservation and disaster plans, with parcels that represent contiguous regions of common land ownership, management, and land-cover characteristics. While the landscape projections maintained a 30-meter grid cell consistent with NLCD, agricultural change was modeled parcel-by-parcel, with all 30-meter pixels within a CLU field unit treated as a unique entity. The results are landscape projections that provide an unmatched, realistic representation of landscape pattern at high spatial resolution, as the parcel-based modeling of landscape change mimics real landuse decisions in the Great Plains.
These are also the first FORE-SCE projections where both natural vegetation and anthropogenic land use respond to projected changes in environmental conditions. FORE-SCE(P) characterizes the suitability of the landscape to support each modeled land-cover class and uses that information to drive the extent and location of landscape change. Those suitability characterizations are dynamic, responding both to projected climate change and projected groundwater availability. For example, suitability for a given location to support irrigated corn may drop if projected changes in temperatures rise too high or declining precipitation and groundwater restrict water availability. Vegetation classes (grassland, shrubland, forest classes) also respond to projected changes in climate. For example, in rangeland areas grassland may convert to shrubland in areas where hotter, drier conditions in the future favor shrubland over grassland at a given location.
Landscapes were modeled from 2014 through 2100, with decadal timesteps from 2020 through 2100. FORE-SCE(P) uses the suitability surfaces for each landscape class to place modeled landscape change on the landscape patch-by-patch for land uses, using the CLU parcel boundaries to model cropland change by individual field. Meanwhile, modelled vegetation change on rangelands occurs at the (30-meter) pixel level, responding to climate or potentially being displaced by land-use change. While the suitability surfaces guide where change occurs, the amount of landscape change is driven by several prescribed landscape scenarios.
An Uncertain Future-Use of Scenarios
Landscape change is driven by a wide range of socioeconomic and environmental variables, including government policy, demographics, regional-to global-scale economic conditions, technological innovation, and climate and weather variability. Given the complex, often unpredictable interactions among these processes, scenario frameworks are often used to describe a range of plausible future trajectories of change. Multiple scenarios thus represent uncertainty in future landscape conditions and allow land managers and other stakeholders to prepare for multiple contingencies. In FORE-SCE(P), the scenarios provide "prescriptions" for the overall quantity of each modeled land-cover class, with landscape change placed on the landscape until a given scenario prescription is met.
We modeled 11 unique land-use scenarios and 3 climate scenarios, for a total of 33 unique scenario combinations ( Table 2 ). The first land-use scenario was a "business-asusual" (BAU) scenario, constructed as a basic extrapolation of recent landscape trends as measured by USGS land-cover databases. Three land-use scenarios were derived from the US Department of Energy's "Billion-Ton Update" (BTU). 11 The 12 Finally, four land-use scenarios were based on the older IPCC Special Report on Emissions Scenarios (SRES), 13 the same suite of scenarios originally modeled using FORE-SCE 2014. 3 Each of the 11 land-use scenarios quantified overall proportions of the 29 modeled land-use classes for each modeled timestep, with different landscape trajectories based on different demographic, socioeconomic, and climate assumptions. Rangeland extent and spatial patterns in the model are primarily dictated by scenario-defined changes in anthropogenic land uses. For example, rangeland area decreases and rangeland habitats become more fragmented in scenarios such as the SRES A2 or A1B scenario, where economic demand for traditional crop commodities results in conversion of rangeland areas to cultivated cropland.
Three climate scenarios from the IPCC's Representative Concentration Pathways (RCPs) were modeled: 1) a climate mitigation scenario corresponding to RCP 4.5, characterized by modest change in climate by 2100; 2) a scenario with no assumed climate/carbon mitigation action (RCP 8.5), a highchange climate scenario; and 3) a midlevel scenario representing an average of the previous two scenarios. In addition, projected change in groundwater (saturated thickness of the aquifer) was modeled by extrapolating measured changes in aquifer saturated thickness at wellheads across the region from presettlement through 2013. Both the climate and aquifer projections were used to characterize changes in suitability of the landscape to support individual land-cover classes in the future. For example, as the climate warms and groundwater availability declines, the ability of the landscape to support irrigated corn, soybeans, or cotton may decline in the future, impacting the overall cropland and rangeland mosaic in the region.
Potential Landscape Variability in the Great Plains-Modeling Results
The 11 land-use scenarios varied substantially in both quantity of overall landscape change and the sectors of the landscape that changed. Modeled land-use change primarily Rangelands occurred in three major land-use sectors: 1) cultivated cropland (traditional crops), 2) perennial grass cultivation (biomass used for cellulosic biofuel), and 3) urban development. Changes in anthropogenic land use in turn affect extent and spatial patterns of rangeland areas. Figure 2 depicts overall net change (total area experiencing any change between 2014 and 2100) for each landuse scenario and final land use area for each of the three major land-use sectors by the year 2100. The highest overall change scenarios were those that had significant cropland expansion by 2100 (e.g., SRES A2, SRES A1B, GCAM 2.6) or the highest area of perennial grasses for biofuels (e.g., BTU$60, BTU$80). The lowest amount of overall change occurred in the BAU scenario, a scenario with the highest overall rate of urban growth, but with no establishment of a cellulosic ethanol industry and thus no widespread growth of the perennial grass class.
Quantity and spatial pattern of landscape change varied dramatically among scenarios. Figure 3 depicts overall change of aggregate categories of land cover from 2014 to 2100 for the 11 land-use scenarios. Rangeland (defined as an aggregate of grassland and shrubland in the original 29-class land cover) and cultivated cropland (aggregate of 17 individual crop classes) dominate the overall landscape, but trends by 2100 vary widely. Rangeland declines in most scenarios, dropping by as much as 23.6% (SRES A1B scenario) compared with the 2014 area.
Only the SRES B2 scenario shows any appreciable gain in rangeland (+ 4.3%), as most scenarios project substantial rangeland losses related to increases in cultivated cropland, perennial grasses for biofuel, or both. Figure 4 depicts variability among spatial patterns of change for multiple scenarios near Plainview, Texas. The 2014 landscape near Plainview was dominated by irrigated cotton, with smaller amounts of irrigated corn and dryland crops such as wheat. By 2100, this region in the panhandle of Texas is projected to experience a hotter and drier climate and severe declines in groundwater availability as extraction of water for irrigation strongly outpaces aquifer recharge rates. The FORE-SCE model adjusts to projected changes in climate and water availability, and as a result, all modeled scenarios showed a severe decline in irrigated cropland by 2100. The fate of the lost irrigated cropland varied substantially, however, according to the storylines associated with each scenario. In the SRES A2 scenario, the global population reaches 15 billion by 2100, and demand for the foodstuffs provided by traditional crops is extremely high. As a result, most of the lost irrigated cotton and corn near Plainview is converted into dryland wheat. In the SRES B2 scenario, global population and demand for traditional crops are much lower than the SRES A2 scenario, and environmental concerns take priority over economic growth. As a result, the lost irrigated cropland primarily transforms to rangeland. In the BTU$80 scenario, very high farmgate prices for biomass result in much of the lost irrigated cropland transforming into perennial grasses, cultivated for a cellulosic ethanol industry. The three modeled climate scenarios strongly impact trends in vegetated land-cover classes (grassland, shrubland, and forest classes), with change dependent upon the projected severity of climate shifts. Figure 5 depicts a region along the eastern Colorado/ western Kansas border, where the 2014 landscape is dominated by rangeland. Vegetation composition is primarily grassland with a smaller amount of shrubland, cropland in the east, and hay and pasture land along the river valley. As the area warms and dries by 2100, vegetation composition of rangeland changes substantially. Suitability for shrubland increases while suitability for grassland decreases. Even in the mildest climate scenario, RCP4.5, substantial areas of grassland are converted to shrubland by 2100. As climate scenarios increase in severity, culminating with RCP8.5 where no climate mitigation efforts are undertaken and strong shifts in temperature and precipitation occur, the area of grassland converting to shrubland strongly increases.
Assessing the Impacts on Rangelands in the Great Plains
Rangelands are affected by two processes in the model. Figure 3 depicts fluctuations in rangeland extent as demand for cropland or developed land uses change, based on storylines from the 11 anthropogenic land-use scenarios. Figure 5 depicts changes in rangeland vegetation composition as temperature and precipitation patterns change, based on three different future climate realizations. The resulting projections provide an unprecedented representation of the impacts of anthropogenic and natural processes on rangelands in the Great Plains. The spatial and thematic resolution Figure 4 . Initial (2014) and modeled (2100) landscapes for three land-use scenarios for the area near Plainview, Texas. Each of the three future scenarios depicted here were modeled with the mean climate realization. In response to projected declines in groundwater availability and a hotter and drier climate, the irrigated cotton that dominates the agricultural landscape in 2014 is severely reduced by 2100 in all scenarios. The fate of the lost irrigated cotton varies substantially among scenarios, however, dependent upon scenario storylines. Note the thin black lines represent parcel boundaries from the Common Land Unit dataset from the USDA. 10 BTU indicates Billion-Ton Update; SRES, Special Report on Emissions Scenarios.
exceeds any other available projections for the Great Plains. The parcel-based modeling framework, treating each of thẽ 2.5 million agricultural fields in the study area as a distinct unit, ensures a realistic representation of landscape pattern and fragmentation in rangeland areas. Sensitivities of land use and natural vegetation to water availability, due to both groundwater declines and climate change, provide a realistic view of changing biophysical conditions in the region and how they are likely to interact with socioeconomic scenarios of land-use demand.
Spatially and thematically detailed landscape projections such as these enable rangeland managers and other stakeholders in the region to explore future climate and land-use impacts on a variety of ecological, economic, and societal concerns, while the multiscenario framework facilitates exploration of "what if" questions related to rangeland management. For example, stakeholder workshops conducted at the start of this work questioned the fate of irrigated agriculture in the region as the aquifer declines and the climate changes, with participants split on whether irrigated cotton, corn, and other crops would convert to dryland crops such as wheat, or if cultivation would end and those lands would return to rangeland. Proportions of cropland versus rangeland vary widely dependent upon the fate of those irrigated croplands, which in turn, strongly influences rangeland management options. The multiscenario framework enables rangeland managers to assess both potential futures, facilitating planning for an optimal future landscape that balances economic return and ecological sustainability. Fidelity of landscape pattern at the local scale allows for local scale analyses while also enabling the "scaling up" to a broad regional level, enabling the analysis of aggregate, local scale impacts of landscape change on a variety of processes.
The projections are currently being used to assess impacts of land-use and climate change on regional biodiversity, water flow and water quality, and biogeochemistry. Current work is focused on expanding the geographic scope of the work, and shortly the same 33 scenario combinations will also be available for the rest of the Great Plains. All landscape projections described here are available for download and usage from ScienceBase (https:// w w w . s c i e n c e b a s e . g o v / c a t a l o g / i t e m / 59fc7d9be4b0531197b2ea75). 
